Abstract: Bruton's tyrosine kinase (Btk) not only plays a role in differentiation and activation of B-cells but is also involved in regulating signaling in myeloid cell populations, mast cells, platelets, and osteoclasts. Btk plays a critical role in B-cell receptor signaling and has been shown to be involved in CD40 ligation, Toll-like receptor triggering, and Fc-receptor signaling as well, suggesting that targeting Btk might be particularly useful in autoimmune diseases characterized by pathologic antibodies, macrophage activation, and myeloid-derived type I interferon responses. Btk knockout and X-linked immunodeficiency mouse material and X-linked agammaglobulinemia patient samples are powerful tools to examine the role of Btk in health and disease. In addition, the recent development of several covalent and noncovalent small-molecule inhibitors specifically targeting Btk can contribute to our understanding of the functional role of Btk in several cell types and disease mechanisms. Specific Btk inhibitors have been used in both in vitro and in vivo models for autoimmune diseases such as rheumatoid arthritis, systemic lupus erythematosus, multiple sclerosis, systemic sclerosis, and Sjögren's syndrome. The current small-molecule Btk inhibitors have demonstrated potent and selective Btk inhibition in preclinical studies, and some inhibitors have propelled the clinical development of such molecules toward clinical trials in patients with rheumatoid arthritis. Future studies on the effectiveness of Btk inhibition in other autoimmune diseases could further broaden the understanding of the disease mechanisms as well as lead to new targeted therapies.
Introduction
Autoimmune disorders arise from the dysregulation of the immune system and the subsequent abnormal immune response to self-antigens. Genetic factors and environmental factors contribute to the pathogenesis of autoimmune disorders but the triggers that initiate disease remain to be elucidated. Bruton's tyrosine kinase (Btk) is involved in the differentiation and activation of B-cells and myeloid cell populations, suggesting that targeting Btk might be particularly useful in autoimmune diseases characterized by pathologic antibodies, macrophage activation, and myeloid-derived type I interferon (IFN) responses. Here, we discuss the potential role of Btk and inhibition thereof in various disease conditions.
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Hartkamp et al caused X-linked agammaglobulinemia (XLA) in men and X-linked immunodeficiency (XID) in mice. The Tec family of kinases forms the second largest class of cytoplasmic protein tyrosine kinases after the Src family kinases (SFKs) and consists of five mammalian members: Btk, Bmx (bone marrow kinase on the X-chromosome, also known as Etk), Itk (IL-2 inducible T-cell kinase), Rlk (resting lymphocyte kinase, also known as Txk), and Tec. 1 Most of the Tec family kinases are primarily expressed in the hematopoietic system, although both Tec and Bmx are also expressed in stromal tissues such as liver and endothelial cells, respectively. [1] [2] [3] Two characteristic features that set the Tec family kinases apart from SFKs are the presence of a pleckstrin homology (PH) domain, located at the N-terminus of the protein, and a proline-rich region that is part of the Tec homology domain. The PH domain is able to bind phospholipids and signaling proteins such as the βγ-subunits of heterotrimeric G proteins and protein kinase C and is required for Tec family kinase membrane localization and molecular activation. The proline-rich region, which can interact with SFKs and other Src homology (SH) 3 domain-containing proteins, is implicated in autoregulation. In addition to the PH domain and the Tec homology domain, Tec family kinases contain a phospho-tyrosine-binding SH2 domain and SH3 and catalytic domains (SH1).
Activation of Tec family kinases upon cell-surface receptor triggering requires relocalization of the protein to the plasma membrane, which is mediated by the interaction of the PH domain with the lipid phosphatidylinositol (3, 4, 5) P3, formed by activated phosphatidylinositol-3 kinase. Subsequent phosphorylation by SFKs and autophosphorylation of tyrosine 223 result in the complete activation of Tec family kinases. Although translocation to the membrane seems to be a prerequisite for activation, Btk, Itk, and Rlk are also found in the nucleus upon cell activation. [2] [3] [4] In addition to the well-studied role of Tec family kinases in PLCγ activation and Ca 2+ mobilization, they can also act downstream of numerous cell-surface receptors that influence a wide range of signaling pathways involved in proliferation, differentiation, apoptosis, cell migration, transcriptional regulation, cellular transformation, and inflammation. 1, 3 Btk not only plays a critical role in B-cell receptor (BCR) signaling in B-cells but has also been shown to function downstream of CD40, affecting B-cell activation and function. 5 Btk has also been demonstrated to directly interact with cytoplasmic Toll/IL-1 receptor domains of most Toll-like receptors (TLRs) and can interact with downstream adaptors MYD88, TRIF, and MYD88 adaptor-like protein (MAL; also known as TIRAP), and IL-1R-associated kinase 1. Btk regulates signaling by TLR2, 3, 4, 7, 8, and 9 in macrophages, dendritic cells (DCs), and B-cells, activating transcription factors such as NF-κB and IRF3 ultimately leading to cytokine and type I IFN production. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Furthermore, it has been shown that Btk signals downstream of Fc receptors, leading to increased cytokine production in myeloid cells and mast cells and degranulation in mast cells. [16] [17] [18] Btk regulates production of many cytokines in myeloid cells. In DCs, Btk has been reported to regulate type I IFN, IL12, IL18, and IL10. 12, 13, 19, 20 In monocytes/macrophages, pro-inflammatory cytokines such as TNF, IL1 and IL6, and MMPs are affected by Btk. 8, 16, [21] [22] [23] As in monocytes/ macrophages, IL6 and IL8 production are also regulated by Btk in platelets. 24, 25 In mast cells, degranulation and TNF production are Btk dependent. 17, 18 The involvement of Btk in the production of these cytokines and inflammatory mediators suggests that targeting Btk could be beneficial in various immune-mediated inflammatory disorders.
Consequences of Btk mutations
Btk is required for B-cell development and function and is the only known member of the family that causes disease in humans. XLA is a primary immunodeficiency resulting from mutations in Btk. Over 1,000 mutations have been described that render Btk nonfunctional or prevent protein expression. XLA is characterized by the complete absence of circulating B-cells due to a developmental block between pro-and pre-B-cell stages and a severe reduction in serum immunoglobulin levels. 26, 27 A similar, although considerably milder syndrome in the mouse, XID, is also caused by a mutation in Btk. 27 Apart from its role in B-cells, it has also been shown to regulate monocyte, macrophage and DC function, mast cell and platelet activation, and osteoclast differentiation.
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The role of Btk in autoimmune diseases
Btk knockout and XID models combined with biological specimen from patient with XLA form a powerful tool to examine the role of Btk under steady-state and pathological conditions. In addition, the recent development of several covalent and noncovalent small-molecule inhibitors specifically targeting Btk can contribute to our understanding of the functional role of Btk in several cell types and disease mechanisms. Later, we will discuss the potential use of Btk inhibitors in several autoimmune diseases and their potential path toward clinical development. 
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Btk in inflammation: from pathophysiology to therapy
Rheumatoid arthritis
Rheumatoid arthritis (RA) is a chronic and progressive inflammatory disease characterized by the recruitment and accumulation of activated immune cells along with hyperplastic growth of the intimal lining layer fibroblast-like synoviocytes in the synovial compartment. 33 Whereas the initiation of RA likely involves antigen-presenting cell activation due to so-called dangers signals, the perpetuation of persistent inflammation involves the recognition and activation of Band T-cells by autoantigens, which results in autoantibody production. Autoantibody formation precedes clinical signs and symptoms by years, and this does not coincide with subclinical inflammation in the joint, suggesting that multiple pathological events (hits) are needed to develop breakthrough of tolerance and chronic persistent synovitis. 34 When synovitis does occur and pro-inflammatory cytokines are produced, in combination with the formation of immune complexes, this can lead to the activation of synovium-infiltrating and tissueresident myeloid cells, such as macrophages, monocytes, DCs, neutrophils, and mast cells. Eventually, synovitis leads to erosion of the joint surface, causing deformity and loss of function. The prevalence rate is 1% population, with women affected three to five times as often as men. Commonly used animal models include the murine collagen-induced arthritis (CIA) and K/BxN serum transfer models. 35 Initial evidence that Btk might play a role in RA arose from observations that XID mice are resistant to inflammation and joint destruction in CIA. 36 This spurred further research and when small-molecule inhibitors specifically targeting Btk were developed, they were studied in both in vivo and in vitro models of arthritis. LFM-A13 (leflunomide metabolite analogue alpha-cyano-beta-hydroxy-beta-methyl-N-[2,5-dibromophenyl]-propenamide) was one of the first rationally designed Btk selective inhibitors. LFM-A13 binds to the catalytic domain and inhibits Btk in a reversible manner. Even though LFM-A13 has been described as a highly selective inhibitor targeting Btk, it has also been shown to target the activity of other kinases such as JAK2 and the erythropoietin receptor. Despite its antileukemia activity and the lack of any major toxicity in preclinical studies, rather high doses are needed for a pharmacological effect which prohibited LFM-A13 to enter clinical development. [37] [38] [39] Following up on the success of LFM-A13 several covalent and noncovalent small-molecule inhibitors for Btk have been developed (Table 1) . One of the first new chemotypes of small-molecule Btk inhibitor, CGI1746, uniquely binds preferentially to inactive Btk and stabilizes Btk in an inactive nonphosphorylated enzyme conformation and inhibits both auto-and transphosphorylation steps needed for Btk kinase activation. It was demonstrated that CGI1746 blocks BCRmediated B-cell proliferation and decreases autoantibody levels in murine CIA. 16 Pro-inflammatory cytokines such as TNFα, IL1β, and IL6 induced by Fc-receptor triggering were inhibited in mouse macrophages and human monocytes. CGI1746 decreased cytokine levels in the joints and ameliorated disease in myeloid and FcγR-dependent autoantibodyinduced arthritis. This study provided direct evidence that Btk inhibition could suppress experimental arthritis via effects on both B lymphocyte and myeloid cell populations. 16 Another reversible Btk inhibitor, RN486, potently and selectively inhibits Btk in human cell-based assays as well as animal models of arthritis. It was shown to efficiently block FcεR crosslinking-induced degranulation of mast cells, and BCRinduced B-cell activation. 25, 40 Furthermore RN486 inhibited inflammatory mediator production in response to multiple agonists relevant to inflammatory arthritis (ie, FcγR, TLR, and CD40 ligation) in human macrophages, as well as genes induced by the synovial fluid of patient with RA. Importantly, RN486 was able to suppress spontaneous cytokine and matrix metalloproteinase production in RA synovial tissue explants. 21 Finally, RN486 was shown to reduce levels of platelet p-PLCγ2 upon GPVI stimulation with convulxin and could block IL6 and IL8 production in a human platelet-fibroblastlike synoviocyte coculture system. 21 It displayed similar functional activity in animal models of arthritis like mouse CIA and rat adjuvant-induced arthritis. RN486 inhibited both joint and systemic inflammation, reducing paw swelling and inflammatory markers in peripheral blood. 21, 24, 25, 40 Ibrutinib, or PCI-32765, was the first Btk inhibitor to advance into clinical trials for the treatment of B-cell malignancies. This compound was unusual, as it is a covalent irreversible, Btk inhibitor, which binds the cysteine 481 residue in the ATP binding domain of the catalytic domain and 
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A second compound entering clinical trials for B-cell malignancies is ONO-4059. A Phase I clinical trial for oral treatment of B-cell lymphoma was started in 2012. This compound binds covalently to Btk and reversibly blocks BCR signaling and B-cell proliferation. ONO-4059 was demonstrated to suppress production of inflammatory chemokines and cytokines by monocytes in a murine CIA model and prevented cartilage and bone destruction. [45] [46] [47] While Ibrutinib and ONO-4059 advanced quickly in clinical trials for hematological malignancies, three different small-molecule inhibitors targeting Btk are now in first-stage clinical trials for RA. CC-292, also described as AVL-292, is similar to Ibrutinib in that it covalently binds cysteine 481 in the kinase domain. It showed promising results in animal models of arthritis with a 95% reduction in clinical scores and a decrease in inflammation and cartilage and bone destruction. CC-292 is the first Btk inhibitor reported appropriate for use in a human clinical setting of autoimmune disease. Healthy volunteers were treated with 2 mg/kg orally, and the compound was shown to consistently engage all circulating Btk protein. This first trial provided rapid insight into safety, pharmacokinetics (PK), and pharmacodynamics (PD), and CC-292 has currently progressed into a Phase IIa clinical trial. This study will test the clinical effectiveness and safety of an orally administered dose of CC-292 compared with placebo in patients on methotrexate with active RA. 37, 48, 49 GDC-0834, another Btk specific inhibitor, has been shown to ameliorate disease in a rat CIA model. This study suggested that a high level of inhibition of phosphorylation of Btk was required for it to affect inflammatory arthritis in rats. 50 A recent Phase I study in healthy volunteers showed that the inhibitor is metabolized to an inactive metabolite in the liver via amide hydrolysis. It is currently undergoing further clinical development for RA. 47, 51 Finally, HM-71224 is an orally active and irreversible Btk inhibitor showing a strong efficacy in mice and rat CIA models. The first clinical trial was started to evaluate the safety, tolerability, PK, PD, and food effect of HM-71224 following single ascending doses and multiple ascending doses in healthy volunteers. An interim report demonstrated a well-tolerated safety profile in healthy volunteers and desirable PK and PD properties supporting sustained target inhibition. A Phase II study in patients with active RA is reported to be initiated soon.
47,52,53
Systemic lupus erythematosus
Systemic lupus erythematosus (SLE) is an autoimmune disease, which is characterized by autoantibodies recognizing nuclear self-antigens. Autoreactive T-and B-cells evade negative selection and, once activated, collaborate to produce autoantibodies, which culminate in immune complex deposition on tissues leading to organ damage. Deposition occurs most often in skin and kidneys (lupus nephritis), activating complement and promoting local inflammation by activating macrophages and DCs. Activation of plasmacytoid DCs (pDCs) leads to production of type I IFNs, major contributors to pathology in SLE. Various animal models of spontaneous lupus are commonly used and include the classical F1 hybrid of New Zealand Black and New Zealand White strains (NZB × NSW F1) and the MRL/lpr lupus-prone model. 47, 54, 55 Various Btk murine knockout models have suggested that Btk plays a role in SLE. In SLE, murine models Btk has been demonstrated to be required for the initial loss of tolerance to DNA and the ensuing production of anti-DNA antibodies. 56, 57 Furthermore, it has been shown that specific inhibition of Btk by RN486 can regulate TLR9 signaling in pDCs and thus inhibit type I IFN production. 7 In addition to in vitro studies, in vivo studies have also been conducted with RN486 in the NZB × NZW F1 model. The administration of RN486 completely blocked disease progression and this study suggested that Btk inhibition may simultaneously target autoantibody producing cells and impact the effector function of autoantibodies on monocyte activation in SLE. 58 The results of this study were consistent with results 
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Btk in inflammation: from pathophysiology to therapy of a study that used a different Btk inhibitor, PF-06250112. PF-06250112 binds residue cysteine 481 covalently but reversibly and was identified as a potent, orally bioavailable, small-molecule inhibitor of Btk. This study made use of the same mouse model (NZB × NZW F1) and showed that Btk inhibition prevented the development of proteinuria and reduced glomerular injury and inflammatory infiltrates. Furthermore, it showed a significant reduction in serum IgG anti-dsDNA antibodies and complement deposition. 59 Ibrutinib has also been shown to be efficacious in animal models of SLE. Treatment of B6.Sle1 and B6.Sle1.Sle3 lupus-prone mice with Ibrutinib resulted in decreased renal damage and lymphocyte infiltration. Moreover, a significant reduction in autoantibodies was shown. In the MRL/lpr mouse model, Ibrutinib treatment resulted in reduced proteinuria and blood urea nitrogen and showed a trend toward improvement of glomerulonephritis. 43, 60 The clinical therapeutic efficacies have not been studied in human SLE thus far, and further evaluation of the potential of targeting Btk is of interest.
Multiple sclerosis
Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central nervous system caused by an autoimmune response to self-antigens. Large, confluent plaques of demyelination are formed in the white and the gray matter. Even though MS is extensively studied, key aspects of MS etiology and pathophysiology still remain to be elucidated. Active tissue injury in all stages of MS is associated with inflammation, with the inflammatory infiltrates being composed of T lymphocytes, B lymphocytes, and plasma cells. This leads to active demyelination and axonal or neuronal damage at sites of microglia activation and macrophage infiltration of the tissue. Experimental autoimmune encephalomyelitis (EAE) is the main animal model for MS and is also characterized by auto-reactive T-cells. [61] [62] [63] Although Btk inhibition has not been studied in EAE models, Btk-deficient XID mice develop less severe EAE. 26 In line with this, Btk inhibition might target and inhibit B-cell and macrophage activation that are both implicated in the pathogenesis of the disease. However, the Btk targets TNF and type I IFN are hypothesized to play a dual role in MS. TNF has been described to be protective in lymphoid organs yet contribute to pathology in the central nervous system during EAE. And, while in multiple autoimmune disorders like SLE and Sjögren's syndrome type I IFNs are increased and contribute to disease, treatment with or induction of type I IFN has proven beneficial. [64] [65] [66] [67] Both could have a protective effect, and this should be taken into account when considering targeting Btk in MS. Nonetheless, as current treatments are only partially effective, studying the role of Btk in MS pathology could provide an alternative approach to therapeutic intervention.
Type 1 diabetes
Type 1 diabetes (T1D) is characterized by immune-mediated destruction of insulin-producing pancreatic β cells by autoreactive T-cells. Autoantibodies are produced and pancreatic islets are infiltrated by inflammatory cells such as macrophages and CD4 + T-cells, leading to lifelong dependence on exogenous insulin and an increased risk for kidney failure, heart disease, blindness, limb loss, and episodes of hypo-and hyperglycemia. Both genetic and environmental factors play a role in the pathogenesis of T1D. [68] [69] [70] [71] The majority of our knowledge on the pathogenesis and etiology of T1D comes from the study of spontaneous disease in the nonobese diabetic (NOD) mouse model. The NOD mouse model showed that also B-cells have flaws in tolerance mechanisms. 71 B-cells contribute to the disease by producing autoantibodies and activating autoreactive T-cells. Elimination of B-cells has proven successful at preventing disease, and Btk deficiency in NOD mice protects against T1D. Btk deficiency led to a failure to produce insulin autoantibodies by decreasing relative availability of mature autoreactive B-cells. 72, 73 This suggests that by targeting Btk, also T-cell-mediated autoimmunity could be alleviated in T1D. However, one case report described the development of T1D in a patient with XLA, implying that neither autoantibodies nor B-cell function is absolutely required for T1D onset. 74 No studies examining pharmacological inhibition of Btk in T1D animal models have been reported thus far and would represent the next step in examining the role of Btk in this disease.
Systemic sclerosis
Systemic sclerosis (SSc), or scleroderma, is an autoimmune disease, which is characterized by vasculopathy, immune dysfunction, and fibrosis leading to multiorgan failure. Heterogeneity is caused by variable expression of these three pathological features that makes early diagnosis challenging. Historically, scleroderma research has been focused on the altered function of fibroblasts. Excessive extracellular matrix and collagen deposition by fibroblast activation and activation of Th2 cells were believed to play a prominent role. However, recent findings suggest a complex interplay among immune cells, endothelial cells, and fibroblasts indicating an important role for immune cells in 
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Hartkamp et al the pathogenesis of SSc. Genetic association studies indeed revealed that among the most highly associated susceptibility markers, genes encoding immune signaling molecules such as T bet, IRF5, and STAT4 were included. 75 Recently, pDCs have also been shown to play a prominent role in SSc pathology. These cells have the unique ability to trigger both the innate and the adaptive immune system, are key producers of type I IFNs, and in SSc, produce high levels of CXCL4, which might directly promote fibrosis. 76 Autoantibodies are commonly observed in patients with SSc, although there is debate as to whether they contribute to disease or are an epiphenomenon. There are several animal models known for this disease, including the bleomycin-induced fibrosis and the tight skin-1 mouse models. [77] [78] [79] As mentioned above, specific inhibition of Btk by RN486 can regulate TLR9 signaling in pDCs and thus inhibit type I IFN production. 7 Therefore, one could speculate Btk inhibition would also prove beneficial in the treatment of SSc, but such studies have not yet been reported.
Sjögren's syndrome
Primary Sjögren's syndrome (pSS) is considered to be the second most common systemic autoimmune disease after RA. pSS is characterized by the infiltration of immune cells in the exocrine glands, leading to ocular and mouth dryness but also includes arthralgia and fatigue as frequent disabling symptoms. Approximately one-third of the patients also develop systemic complications such as arthritis, lung interstitial disease, neurological manifestations, or tubular nephropathy. This latter group is at a higher risk for lymphoma development, possibly driven by ongoing B-cell proliferation and/or stimulation. Although the underlying etiology has yet to be fully elucidated, in the past decade major advances have been made in understanding the pathogenesis of pSS. T-cells have been shown to play a major role in the pathogenesis, and the innate system seems to be involved in early stages of disease through the production of type I IFN. Besides their role in autoantibody production, B-cells are now recognized to have multiple roles in pSS pathophysiology and might play a central role in the development of the disease. There also appears to be a crucial interplay among T-cells, DCs, and exocrine gland epithelial cells. Various mouse models exist for pSS. The earliest models were strains that develop disease spontaneously (NZB × NZW F1 and MRL/lpr mice also possess SLE features), but transgenic (Tg) overexpression of many immune-related genes (as observed in BAFF Tg, TGFβ Tg or IL12 Tg mice) and genetic deficiencies can lead to the disease phenotype as well. Induced models include ro-peptideinduced or murine cytomegalovirus CMV-induced pSS. [80] [81] [82] [83] [84] Btk knockout or inhibition has yet to be studied in the context of pSS. However, based on the ability of Btk inhibition to decrease autoantibody production and inhibit myeloid type I IFN responses in other disease models, a rationale to study the role of Btk in pSS is readily apparent.
Concluding remarks
Extensive research has established a critical role for Btk in several disease-relevant signaling pathways in B-and myeloid cells, including BCR, FcγR, and cytokine receptor signaling, making it an appealing drug discovery target. By targeting Btk, multiple signaling pathways in different cell populations can be regulated with one inhibitor. The current small-molecule Btk inhibitors have demonstrated potent and selective Btk inhibition in preclinical studies, and some inhibitors have propelled the clinical development of such molecules toward clinical trials in patients with RA. Future studies testing the therapeutic potential of Btk inhibition in chronic inflammatory diseases will need to address several key issues. First, Btk inhibitors have only been studied in animal models of RA and SLE, and experimental data are lacking in other disease models. Second, with the exception of RA, Btk activation status or contribution of Btk to gene expression in patient-derived cells has yet to be examined. Third, Btk can undergo multiple post-translational modifications other than tyrosine phosphorylation, such as serine phosphorylation, which regulate its activity. 27 As cell or disease-specific modifications could influence efficacy of Btk inhibition, proteomic analysis of patient B lymphocytes and myeloid cells could be useful in understanding the potential effects of Btk inhibitors in the clinic. Finally, as observed in myeloid-derived cells, the ability of Btk to couple to multiple agonistic signaling pathways in a cell-specific manner and also differentially regulate target genes commonly induced by multiple agonists, 16, 21, 44 will likely necessitate a nonhypothesisbased approach to examining the effects of Btk inhibition on highly purified patient cell subsets. Such studies on the effectiveness of Btk inhibition in other autoimmune diseases could further broaden the understanding of disease mechanisms and lead to the broadening of our therapeutic armamentarium.
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